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The Morphogenesis of Pigeonpox Virus (Accepted r7 December ~97I)
The morphogenesis of the vaccinia subgroup of poxviruses has been extensively examined using cell cultures and embryonated eggs (Joklik, I966) . However, Burnet 0955) pointed out that, at least for the formation of inclusion bodies, there is a marked difference between infected epithelial cells in vivo and cells infected in the laboratory. To clarify the structure and significance of poxvirus inclusions in vivo we have examined conventional and thin sections of pigeonpox lesions taken from a naturally infected bird. Sections ofchorioallantoic membrane inoculated with the virus were examined for comparison.
Examination of the lesions in the pigeon by conventional microscopy showed that the epidermis was markedly thickened due to proliferation of stratified squamous cells. Single eosinophilic intracytoplasmic inclusions (Fig. I ) about the size of a cell nucleus or bigger were present in the majority of these cells. In contrast to the squamous cells, inoculated chorioallantoic membranes, although covered with pocks, had very few cells with recognizable inclusions; however, the few inclusions which were detected were similar to but much smaller than those seen in the original lesions.
In thin sections of pigeon material (Fig. 2 ) crescent-shaped structures were seen. These gave rise to immature cytoplasmic particles which contained granular material and were limited by two layers: an outer spicule layer and an inner' unit' membrane (Fig. 3) . Most of the granular contents of the immature particles condensed eccentrically and ultimately formed a dumbell-shaped core, however, some' debris' remained after the cores were formed and, when compressed by the collapse of the limiting layers, this material was seen as lateral bodies. The core consists of three electron-dense layers and a central zone (Fig. 4) . Following core formation and the collapse of the limiting layers the particles are brick-shaped and are referred to as mature cytoplasmic particles. Such particles tended to become coated with amorphous or granular electron-dense material which made them look slightly larger and tended to obscure the spicule layer.
Infected cells usually contained a vacuole or vacuoles. In infected chorioallantoic cells the vacuoles were numerous but small and since they occasionally had ribosome-like granules on their outer surface they were probably derived from endoplasmic reticulum; such vacuoles were usually empty. In contrast to those in the chorioallantoic cells the vacuoles in squamous cells in vivo ( Fig. 2 ) were large and often larger than the cell nucleus, although in most cases only one vacuole of this size was seen per cell. Such vacuoles were filled with electron-dense filaments and virus particles. However, virus particles did not seem to be formed within the vacuoles.
The membrane of the vacuole was thickened and electron-dense ( Fig. 6 ) and filaments were shed from its inner surface into the lumen. The filaments varied in width but were marked by electron dense granules (Fig. 7) .
Cytoplasmic particles entered the vacuoles by budding (Fig. 6, 7, 8 ) and thus became enveloped by an extra membrane. The cytoplasmic particles involved in budding were usually brick-shaped but some less mature particles were also seen to bud (Fig. 9 )-The number of particles within vacuoles (Fig. 2) was much greater than the number of mature cytoplasmic particles. We conclude that the in vivo process of transporting cytoplasmic 6-2 (Fig. 4) . The lateral bodies are surrounded by a unit membrane (Fig. 5) . The spicule layer and the outer envelope appear as a single structure outside the unit membrane. Fig. 6 . Four virus particles (arrows) are budding into a vacuole of filaments and complete mature virus particles. The vacuole membrane is thickened and electron-dense. Fig. 7, 8 and 9-Virus particles budding into vacuoles. Note that the filaments which are shed from the vacuole membrane (Fig. 8) are marked with electron-dense granules (Fig. 7) . Cytoplasmic particles can start to bud before they are fully mature (Fig. 9 ). particles to and through the vacuole membrane is highly efficient. However, in infected chorioallantoic cells most mature particles were free in the cytoplasm so that the budding process was less efficient in these cells.
No particles were seen to bud at the plasma membrane nor were any particles trapped between adjacent cells. The structure of complete budded particles is illustrated in Fig. 4 and 5-In most infected cells, membranes were found which looked like a honeycomb in tangential section. In transverse section these appeared as a series of striations or as three parallel electron-dense layers. This structure which resembles the spicule layer of virus particles has been discussed in detail by Banfield & Kasnic (I97I) .
Poxviruses are known to form two types of cytoplasmic inclusion and it has been suggested (Pereira, I96 0 that the early inclusions 'represent the site of virus synthesis whereas the inclusions formed later are of the nature of residual or incidental lesions'. Clearly the early inclusions are virus factories (Fig. 2) .
The classical inclusions of poxviruses are called Guarnieri bodies or Bollinger bodies in the case of mammalian and avian poxviruses, respectively. Burnet (I955)pointed out that these inclusions are well developed in epithelial cells in vivo but are rare and small in the cells of the chorioallantoic membrane. Bollinger bodies are large structures (Fig. 1 ) and the only equivalent structures seen in thin section are the large vacuoles (Fig. 2, 6 ), one of which was seen in the cytoplasm of each infected cell. We conclude that the large vacuoles, into which virus particles bud and assemble, are the late inclusions and represent Bollinger bodies as seen in thin sections. Bollinger bodies are rarely seen on the chorioallantoic membrane because only small vacuoles which are frequently empty are normally found there.
It has not been stressed generally that the morphogenesis of poxviruses includes a budding process, although this has been suggested (Cheville, 1966; Simpson, I969) . It is probably significant that these workers examined in vivo rather than in vitro morphogenesis of the virus. However, in an in vitro system, Appleyard, Hapel & Boulter (I97I) detected serological differences between intracellular and extracellular rabbitpox virus and further demonstrated by negative staining that extracellular particles have an extra outer membrane. Appleyard et al. 0971) concluded that the envelopment of rabbitpox virus occurred at the plasma membrane because the enveloped virus was extracellular. However, the present in vivo study demonstrates that the extra membrane is acquired by pigeonpox virus by budding into a Bollinger body. Since Guarneri bodies resemble Bollinger bodies it is likely that mammalian poxviruses in vivo bud like pigeonpox virus.
Bollinger bodies are relatively stable structures and can be recovered intact from lysed cells (Randall, Gafford & Darlington, 1962 ). An interesting consequence of this is that lysis of infected cells in the presence of antibody would not lead to neutralization of infectivity. Thus if the ultimate disintegration of Bollinger bodies occurred only after the crusts of degenerate epithelial cells had been shed and dessicated, fully infectious virus particles would then be released.
A model (Fig. IO) is suggested for pigeonpox virus. It is similar but not identical to that proposed by Woodson (I968) for poxviruses in general.
